Interdisciplinary scholars and policymakers in the European Union (EU) claim that increasing material productivity improves the competitiveness of firms. However, the current evidence base has two main shortcomings. First, most studies fail to provide evidence beyond case studies, thus not considering dynamic effects and heterogeneity across firms, sectors, and countries. Second, they do not adequately take the endogeneity of changes in material productivity into account. In this paper, we investigate data from the Community Innovation Survey comprising over 52,000 firms across 23 sectors and 12 EU member states. Moreover, we take an instrumental variable approach to account for endogeneity. Our findings provide evidence for a positive and causal effect of material productivity improvements on microeconomic competitiveness for those firms that received targeted public financial support to realise eco-innovations. The effect tends to be limited to firms in certain materialintensive sectors and countries. We further show that such increases in material productivity reduce the firms' carbon dioxide footprint, thus achieving both economic and environmental objectives. Therefore, our findings provide the important policy insight that tailoring the availability of public financial supports to sector and country specific circumstances and those eco-innovations that increase material productivity is most promising in reconciling competitiveness and climate change mitigation objectives.
Introduction
Achieving economic prosperity while staying within planetary boundaries is one of the main challenges of our time, thus being at the centre stage of contemporary discussions among academics, policymakers, and the private sector (e.g., Arrow et al. 1995; Rockström et al. 2009 ). One side of the spectrum argues that taking environmental aspects into account will come at the expense of economic activity; the opposing side claiming that considering environmental issues will unlock additional growth potential (e.g., Porter and Van Der Linde 1995; Jaffe et al. 1996) . As part of this debate, materials have received increasing attention because of their vital role in production processes as well as their association with environmental pressures (UNEP IRP 2011; Bahn-Walkowiak and Steger 2015) .
As such, materials feature prominently in policy making, especially in the context of the European Union (EU). One stream of material policies in the EU focuses on their strategic role as inputs to the production function (EC 2008 (EC , 2010 . Another stream relates materials to environmental pressures (EC 2011a (EC , 2015a ). Irrespectively of different foci, material policies in the EU are motivated by combining both economic and environmental objectives. Specifically, material policies aim to increase the material productivity of firms which is claimed to improve firms' competitiveness and reduce associated environmental pressures. This assertion has gone hand-in-hand with substantial capital being directed into investment projects intending to improve material productivity. 1 The existing literature finds that material productivity positively affects competitiveness (and associated measures) while reducing environmental pressures (Fh-ISI et al. 2005; Bleischwitz et al. 2009b; Schmidt and Schneider 2010; Ecorys 2011; Schröter et al. 2011; Bassi et al. 2012; AMEC and Bio IS 2013; Cooper et al. 2016; Gilbert et al. 2016) . However, such investigations have two main shortcomings. First, they fail to systematically account for dynamic effects and heterogeneity across firms, sectors, and countries, as findings are largely based on case studies, thus limiting the results' transferability. Second, empirical studies lack to adequately address the potential endogeneity of material productivity, which could arise because material productivity is argued to increase firms' competitiveness, while more competitive firms are also more likely to be more material productive (Videras and Alberini 2000; Calantone et al. 2002; Aghion et al. 2005) . Not addressing endogeneity causes coefficients to be biased and inconsistent (Angrist and Pischke 2009) .
In this paper, we address the first shortcoming by considering the Community Innovation Survey (CIS) for the years 2006-2008, which comprises over 52,000 firms across 23 sectors of the so-called business economy and 12 EU member states. 2 We address shortcoming two by applying an instrumental variable approach using the availability of public financial support for eco-innovations (i.e., innovations with an environmental benefit) as an instrument for material productivity improvements. Interpreting our results in the spirit of the local average treatment effect (LATE) Theorem, our findings provide evidence for a positive and causal impact of increases in material productivity on microeconomic competitiveness for those firms that had an eco-innovation stimulated by public funding. However, the effect is limited to certain sectors and countries, raising the concern that not all firms, sectors, and countries are likely to benefit from increasing material productivity. We further show that such material productivity improvements also reduce the firms' carbon dioxide (CO 2 ) footprint, thus achieving both economic and environmental objectives for particular firms, sectors, and countries. Hence, we provide empirically robust evidence in support of eco-innovations, in particular those leading to material productivity improvements, since they are likely to be beneficial for firms' competitiveness (in particular in some material-intensive sectors and a few European economies) as well as firms' environmental performance. This paper is structured as follows. Section 2 reviews the literature and identifies channels linking material productivity and microeconomic competitiveness. Section 3 describes the modelling approach and instrumentation strategy. Section 4 introduces the data and Sect. 5 outlines the results, including robustness checks. Section 6 provides evidence for the environmental benefits of material productivity increases, Sect. 7 discusses the findings, and Sect. 8 concludes.
Microeconomic competitiveness and material productivity

Microeconomic competitiveness
While macroeconomic competitiveness refers to countries, microeconomic competitiveness considers how firms compete with each other (Krugman 1994) . Competitiveness on the firm level is typically defined as "the ability to compete in markets for goods or services" (Black et al. 2013) . Accordingly, permanently competing in perfect markets, which is the definition's underlying assumption, requires firms to push average costs below the market price. However, this assumption entails perfect information, absence of transaction costs, homogenous goods, and price-taking behaviour which are often violated in practice, thus likely to change the type of competition (Aiginger 2006) .
For a theoretical depiction of competitiveness to be practically relevant, factors beyond a firm's cost structure need to be considered. For instance, a firm would be more competitive compared to another if it offers a higher quality output at an equal (or lower) price (Ekins and Speck 2010) . Moreover, information networks and continuous learning may shape the type of competition in the market in case the assumption of perfect information is violated (Maskell and Malmberg 1999) , while barriers to entry, market power, and subsidies influence the ability to maintain market shares, too. Overall, in imperfect market settings, costs are only one determinant of firm's 'ability to compete'. Thus, a wider range of factors needs to be considered which can be grouped into internal (e.g., ability to reduce costs, innovations) and external determinants of competitiveness (e.g., market prices and structure, cost structure of competitors, subsidies, and information transmission).
To define an empirically estimable indicator, the literature frequently refers to outcome factors capturing the characteristics or 'symptoms' of competitive firms. There is no consensus in the literature on which factors best represent the outcome of competitiveness. Factors proposed include the ability to stay in business (Krugman 1994) , generating high revenues and profits (Lehner et al. 1999; Siggel 2006; Ekins and Speck 2010) , the expansion of firms' activities (Reinert 1995) , improving single (labour or capital) or total factor productivity (Aiginger and Vogel 2015) , increasing the number of employees (Chan et al. 2013) , positive returns on invested capital (Snowdon and Stonehouse 2006) , and exporting volumes in monetary terms (Siggel 2006; Dosi et al. 2015; EC 2015b) .
Even though such outcome factors are measurable and available for empirical analyses, they lack one important aspect of competitiveness-its relative nature. Accordingly, a firm is more or less competitive compared to another firm (Krugman 1994; Siggel 2006) . As such, an appropriate measure of competitiveness should benchmark the firm's performance to its competitors (Siggel 2006) . While most of the above-mentioned outcome factors could be expressed in relative terms, only very few empirical analyses have taken the concept's relative nature into account (see Dechezleprêtre and Sato 2014) . Most notably, Galdeano-Gómez (2008) define competitiveness as the sales ratio of a given firm against the total sales of all firms considered, and Triebswetter and Wackerbauer (2008) analyse competitiveness in the framework of market shares.
In line with these contributions, we chose firms' market shares based on turnovers to approximate competitiveness for two additional reasons. First, considering a firm's market share ensures a closed system, i.e., an improvement by one firm is equivalent to a loss for another firm. This prevents a situation in which all firms are falsely declared more competitive, while in fact, an equal change in a given indicator across all firms results in no firm changing its relative competitive stance. Second, in comparison with export or employment shares, turnovers are arguably closer aligned with the aforementioned definition of microeconomic competitiveness, i.e., the ability to compete in markets for goods and services (Black et al. 2013; Lehner et al. 1999; Siggel 2006; Ekins and Speck 2010) .
Material productivity
Similar to labour productivity, material productivity describes the ratio between the output of a production process and the material inputs into this process (OECD 2007) . Therefore, it provides information on the effectiveness by which output has been generated from material input (Dahlstrom and Ekins 2005; Syverson 2011 ). Material productivity ( MP ) can be expressed as
where Y represents output, M material input 3 ( M t,i > 0 ), t the time dimension, and i denotes the individual firm. Material productivity is a standardised measure used in empirical studies (e.g., Bruyn et al. 2009; Steinberger and Krausmann 2011; Wiedmann et al. 2015) , among policymakers (Hinterberger et al. 2003; Bahn-Walkowiak and Steger 2015) , and international organisations (e.g., UNEP IRP 2011; OECD 2016) .
Linking material productivity and microeconomic competitiveness
By reviewing the literature, three channels can be identified linking material productivity and microeconomic competitiveness, inspired by the terminology used in the energy efficiency context (IEA 2014): (1) cost reduction; (2) risk mitigation; and (3) value creation. Table 1 summaries them, and a visual illustration can be found in Fig. 1 in "Appendix".
Cost reduction
2.3.1.1 Reducing input costs In a nutshell, if firms improve their material productivity, they are likely to reduce their absolute or relative material use. Since material costs account for 45% of the purchasing costs in the case of German manufacturing firms (KfW 2009; Statistisches Bundesamt 2011) , for more than 50% of total costs for 27% of all EU firms in the manufacturing sector (EC 2011b), and for around 30% in the chemical, paper, rubber and plastics, base metal, and wood sectors in the Netherlands (Wilting and Hanemaaijer 2014) , reducing material costs is argued to enable firms to offer their goods and services at lower prices due to higher returns to asset (ROA) and sales (ROS) which essentially increases their competitiveness.
4 While this represents a simplified transmission mechanism, more complex interactions are possible. For instance, reduced material costs could also be invested in R&D and marketing activities or be used to increase wages attracting more productive employees-all likely to affect competitiveness other than through lowering prices.
Empirical evidence on the costs channel is limited to case studies for firms (Fh-ISI et al. 2005; Schröter et al. 2011) , sectors (Bassi et al. 2012; AMEC and Bio IS 2013) , or countries (Oakdene Hollins 2011). Only few studies take a more holistic approach, thus accounting for dynamic effects and heterogeneity across firms, sectors, and countries. For instance, Bleischwitz et al. (2009a, b) find a positive and significant correlation between material productivity and several competitiveness 3 Different indicators derived from economy-wide material flow accounting (EW-MFA) can be used as material input, including domestic material consumption, raw material consumption (also known as material footprint), and total material consumption. An overview of the various material flow indicators can be found in Flachenecker (2018) . Using a production frontier approach is a suitable addition to EW-MFA in deriving information on material productivity (or resource efficiency) (Hoang 2014) . 4 However, one study casts doubt on the meaningfulness of these figures, arguing that material costs typically do not only include the cost of raw materials, but all upstream labour, transportation, and storage costs. Bruyn et al. (2009) estimates the 'actual costs' of raw materials (excluding upstream value-added) to be approximately 3-6% of total costs. indices across the EU. The authors justify their findings by referring to the material cost channel. However, the authors acknowledge the possible problem of endogeneity in their analysis. Analyses on the country level that take endogeneity into account remain inconclusive about the relevancy of the cost channel (Flachenecker 2015 (Flachenecker , 2018 .
Anticipating regulation
Regulation might incentivise firms to grasp a firstmover advantage of innovating and thus becoming more competitive (Porter and Van Der Linde 1995) . A more nuanced approach finds that innovations triggered by regulation might produce both 'winners' and 'losers' (Lankoski 2010) . Recent empirical evidence suggests that environmental regulation increases patent applications (Rubashkina et al. 2015) . Larrán Jorge et al. (2015) find that environmental performance has a positive and direct effect on competitiveness as well as an indirect impact on competitiveness through improved corporate image and marketing efforts. Linking material productivity and environmental regulation (and thus indirectly competitiveness) is not immediate obvious. The link might be sequential; firms anticipating future environmental regulation, e.g., material productivity targets, GHG emission levels, increase their productivity in anticipation to comply with future regulation more cost-effectively, giving them a first-mover advantage (Gunningham et al. 2004 ).
Risk mitigation
2.3.2.1 Hedging price volatility Material price volatility leads to investment uncertainty (Pindyck 2007) , a reduction of material use, and a decrease of industrial production (Zhao et al. 2013; Ebrahim et al. 2014) . If price volatility is not hedged, firms' production cost may become volatile. Depending on the stickiness of the firms' prices, this could cause severe fluctuations of the cash flow, which in a worst-case scenario can lead to insolvency (AMEC and Bio IS 2013) . By definition, increasing material productivity leads to a relative or absolute reduction of material use. This reduces the exposure of material price fluctuations on the firms' production costs, therefore, enabling firms to become more competitive and resistant to material price volatility.
Supply security
Even if there is a broad consensus that most materials are physically abundant (Tilton 2001 (Tilton , 2003 , the issue of criticality and supply security continues to be discussed from a strategic point of view (EC 2014a). If critical materials cannot be accessed and no immediate substitute or strategic reserves are available, production could be disrupted leading to a weakening of competitiveness of affected firms. Reducing the absolute material use by increasing material productivity could reduce the magnitude of the problem (Dussaux and Glachant 2015) .
Value creation
2.3.3.1 Eco-innovations Eco-innovations can comprise process, product, and system innovations (Kemp et al. 2013) . Crucially, by improving the way materials are transformed into economic goods and services (while reducing their environmental repercussions), economic value is created. Increasing material productivity may be the result of an eco-innovation (Fischer and Brien 2012) . At the same time, material productivity improvements can trigger additional (eco-)innovations, which are shown to positively contribute to a firm's economic success (Rennings and Rammer 2009) .
Thus, productivity increases can result in innovative activity, which can increase the market share (EEA 2011), export activity (Lachenmaier and Wößmann 2006; Czarnitzki and Wastyn 2010) , labour productivity (Hashi and Stojčić 2013) , and incentivise future innovations in a virtuous cycle (Meyer 2011) , all of which is positively associated with competitiveness (Porter 1990 ).
Economic performance
Material productivity can increase economic activity (or be the result thereof), employment, productivity, and innovation activity in firms, networks, and clusters (Distelkamp et al. 2010; Ecorys 2011; Meyer 2011; Walz 2011; EC 2014b) . On a sector level, Ecorys (2011) find that resource and thus material efficiency can lead to improvements in overall productivity. Moreover, Cooper et al. (2016) find (minor) employment effects of material efficiency strategies for the UK.
Gaps in the literature
The literature can be grouped according to the aforementioned channel. However, only general and indirect evidence is often available except for the material cost channel, which has been studied in greater detail. The overwhelming majority of these studies conclude that increasing material productivity leads to improvements in competitiveness (Fh-ISI et al. 2005; Bleischwitz et al. 2009b; Ecorys 2011; Schröter et al. 2011; AMEC and Bio IS 2013) .
Nevertheless, the results are mostly based on simple statistical or correlation analyses, often using case studies for specific firms, sectors, or countries, not taking heterogeneity into account. For instance, AMEC and Bio IS (2013) base their results on a literature review, industry data, and case studies to estimate the aggregated saving potentials for sectors. Others take results from individual case studies to extrapolate the potential material savings to sectors (Fh-ISI et al. 2005; Schröter et al. 2011) . Ecorys (2011) rely on nine resource-intensive sectors to draw countrywide conclusions, using literature reviews, consultations with stakeholders, qualitative surveys, and simple statistical analyses.
Thus, the current literature faces two main shortcomings which this paper aims to highlight. First, most studies do not take dynamic effects and heterogeneity across firms, sectors, or countries into account. Second, most empirical studies do not explicitly consider the potential problem of endogeneity of material productivity.
Modelling approach
The problem of endogeneity
There are three potential sources of endogeneity-omitted variables, measurement errors, and simultaneity.
First, omitted variables are likely to be an issue in our analysis, as the factors determining competitiveness are numerous, as outlined in the previous section. Given that we base our analysis on survey data, we are limited to the information provided by the survey. Second, measurement errors occur frequently in surveys (Bertrand and Mullainathan 2001) . Despite comprising mostly binary questions leaving relatively little room for systematic biases, they might still be present. Both omitted variables and systematic measurement errors may bias the OLS result in any direction.
Third, as outlined in detail in the previous section, the majority of the evidence suggests that increasing material productivity has a positive effect on microeconomic competitiveness. However, the causal effect can work in either direction (Galdeano-Gómez 2008; Sakamoto and Managi 2017):
On one hand, highly competitive firms with large market shares may be more likely to engage in voluntary environmental programmes, such as those increasing material productivity (Videras and Alberini 2000). Moreover, firms achieving competitiveness through innovation possess capabilities, knowledge, and willingness to learn, making them more likely to also engage in material productivity improvements (Calantone et al. 2002) or to increase environmental performance in general (Galdeano-Gómez 2008) . This raises the concern that OLS estimates may overstate the true effect.
On the other hand, firms in highly competitive environments, where market shares are under constant pressure, firms are incentivised to innovate more frequently and achieve innovations of higher quality (Aghion et al. 2005) . Hence, eco-innovations might be more prevalent among firms operating in markets, in which market shares-our measure of competitiveness-are particularly difficult to expand. This will inflict a downward bias on the OLS estimate.
Which of these two effects dominates, remains an empirical question to be investigated in this analysis. To address all three sources of endogeneity, we choose a two-stage least square (2SLS) instrumental variable approach with an exogenous instrument (Angrist and Krueger 2001) . We argue that our approach is the most adequate in addressing endogeneity, since suitable alternative methods can produce biased and inconsistent estimates. For instance, it is shown that using lagged endogenous variables as instruments or estimating dynamic panels can easily infringe the exclusion restriction, thus leading to biased and inconsistent estimates (Kraay 2012; Panizza and Presbitero 2014; Reed 2015; Wagner and Hong 2016) . In addition, applying co-integration methods are mere statistical tools testing for 'causal' inference, but potentially lacking a robust foundation based on economic rationale (Wooldridge 2002) . This is why we consider a 2SLS instrumental variable approach with an exogenous instrument as the most adequate method to estimate the causal effect of material productivity on competitiveness.
Instrumentation strategy
Instruments must comply with two conditions-they need to be relevant and exogenous. To satisfy the first condition, we need to identify a variable in the survey that correlates with material productivity innovations. Conveniently, the survey contains questions on the motives for introducing an eco-innovation, some of which have led to changes in material productivity. There are five possible answers, all of which arguably correlate with material productivity: (1) current or expected market demand for eco-innovations; (2) voluntary agreements within the sector; (3) existing environmental regulation; (4) expected environmental regulation; and (5) availability of public funds.
Second, the instrument has to be exogenous, i.e., it must not correlate with any variable absorbed in the structural error, in short, any variable that influences competitiveness but cannot be observed. For instance, the survey does not measure firms' ability and willingness to embrace change. However, firms that have (successfully) managed changes in demand and regulation in the past, thus increasing their competitive stance, have acquired knowledge and capabilities to cope with future changes as well (Malerba 1992; Caloghirou et al. 2004) . Crucially, the prevalence of this so-called 'absorptive capacity' correlates with the firm's competitiveness, but simultaneously increases its probability of addressing current or future challenges by taking them as opportunities (Cohen and Levinthal 1990) .
In fact, those challenges include current or expected market demand, voluntary agreements, and existing as well as expected environmental regulation. Thus, the first four variables are likely to select a particularly competitive pool of firms-i.e., those with high absorptive capacity-and thus are endogenous themselves, violating the exclusion restriction. This limits the potential instrument to the availability of public funds.
The availability of public funds, i.e., government grants, subsidies, or other financial incentives, is the most suitable instrument available in the survey for the following four reasons.
1. Legal considerations: by law, firms have equally access to public funding irrespectively of individual characteristics such as their past experiences of dealing with change, degree of competition in respective markets, and their competitive stance. 6 The principle of non-discrimination applies regardless of the funds being EU-wide, national, or local (EU 2012). Public funds cannot generally discriminate against any firm within the EU, regardless of which jurisdiction it is located in. 2. Equal opportunity: we expect any self-selection bias to be of minor concern, since there are numerous initiatives to equip firms with the necessary information and support to ensure equal opportunity for all firms to receive public funding. 3. Funding considerations: public funds for eco-innovations do not directly increase the competitiveness of firms, but only cover (or refund) those costs that are directly associated with the eco-innovation. Therefore, any change in competitiveness followed by the use of public funds is likely to be directly due to the associated eco-innovation. 4. Previous application: this instrument has been used previously by Czarnitzki and Wastyn (2010) to estimate the impact of R&D on export activity. The authors argue that export activity is unrelated to the selection of the R&D subsidies. Thus, we chose the availability of public funds as our instrument.
Model specification
In our main model, we estimate the impact of changes in material productivity on changes in competitiveness. We start modelling competitiveness in levels:
where ln(COMP t,i ) depicts the log-level of firm i 's competitiveness at time t and MP t,i its material productivity. i are time-invariant firm-level fixed effects, c t and s t country and sector specific trends, x t,i is the vector of control variables, and e i,t is the structural error term. Firm fixed effects i cover those unmeasured components in corporate knowledge (e.g., human capital, business contracts, innovations, and management), absorptive capacity (e.g., firms' internal structure, information management, and retail structure), and the willingness to embrace change (e.g., know-how of past changes, branding, and market power) that affect the firm's competitiveness and are invariant over a 2-year period (Angrist and Pischke 2009) . To control variable components, we additionally introduce different sets of observed firm-level characteristics, x t,i , in a later stage of the analysis.
We include country and sector specific time trends ( c t and s t ) to pick up changing national regulation and market structures. Importantly, the latter will control how industry-specific competition evolves over time, being a major factor that affects firms' market shares externally.
First-differencing Eq. (2) removes time-invariant firm fixed effects and transforms country and sector specific time trends into simple country and sector dummies (Acemoglu and Johnson 2007; Dinkelman 2011) :
Following the 2SLS approach, the auxiliary model equation considers the impact of public financial support on material productivity improvements:
where PFS t−1,i represents the availability of public financial support, ΔMP t,i are changes in material productivity, s and c are sector and country specific effects, and t,i is the error term. Equations (3) and (4) are estimated using 2SLS with errors robust against heteroscedasticity.
Data
We use the CIS from the European Commission for the years 2006-2008. The CIS is a harmonized and representative survey conducted in different countries across Europe to investigate the innovation activity in enterprises. It has been used extensively in academic research (Lööf and Johansson 2009; Czarnitzki and Wastyn 2010; Harris and Moffat 2011; Hashi and Stojčić 2013; Horbach and Rennings 2013; Horbach 2014 
Competitiveness
The CIS does not include any question that directly informs about the competitiveness of each firm. However, there is a question on the firm's total turnover for 2006 and 2008, i.e., market sales of goods and services including all taxes except VAT. Turnovers provide a general indication of the competitiveness of a firm (Lehner et al. 1999; Siggel 2006; Ekins and Speck 2010) . Nevertheless, the absolute value undermines the relative nature of the concept of competitiveness (Krugman 1994; Siggel 2006) .
For this purpose and as outlined in detail in Sect. 2, we measure competitiveness as the firm's market share, approximating the size of the relevant market by total turnover of the sector the firm operates in. In line with our main model in Eq. (3), we use natural logarithms and take the first difference of Eq. (5):
Thus, estimated regression coefficient may be interpreted as approximated marginal effects on market share growth.
Material productivity
Data on changes in material productivity are directly available in the CIS, though the 2006-2008 wave is the only one containing an explicit question on material productivity improvements. The question is framed within the context of the environmental benefits resulting from an eco-innovation that firms had between 2006 and 2008. Note that the survey provides no information about the actual levels of material productivity. Instead, the binary choice question asks firms whether or not they reduced their material use per unit of output, 11 i.e., increased their material productivity, as a result of an eco-innovation during this period.
In addition, the survey does not provide any information on which types of materials (metals, minerals, etc.) are linked to the change in material productivity or which specific type of eco-innovation resulted in an increase in material productivity. Regarding the latter point, the question refers to the types of innovations asked in previous parts of the survey, namely, a product, process, organisational, or marketing innovation. Thus, we excluded 16 firms that have not had any of such innovations, but still answered to the questions on eco-innovations. As shown in Table 2 , 17% of all firms in our sample had an eco-innovation that led to a material productivity increase.
Furthermore, the CIS questionnaire relates the material productivity improvements to the production of goods or services within the firm. While no additional details are provided, this suggests that the CIS only considers those changes in material productivity that (1) relate to the production (not consumption) side and (2) take place within the firm, thereby excluding possible improvements along the materials' supply chains taking place outside the firms' gates. 
Public financial support
As with material productivity improvements, data on public financial support are available only as a binary variable. It turns 1 whenever public funds were available to a firm that had an eco-innovation between 2006 and 2008. As reported in Table 2 , such firms make up 7% of our sample. However, they are well distributed across countries and sectors and mirror total sample properties regarding firm sizes and market orientation. Table 13 in "Appendix" presents estimates from regressing public financial support (PFS) on the full set of country and sector fixed effects, and central firm characteristics such as size, market activity, and export orientation. Provided with such a large number of observations, we are able to detect significant distributional disproportions. Importantly though, even this rich set of controls explains a mere 3% of the instrument's total variation (unadjusted). This leads us to conclude that our instrument covers a broad and diverse cross section of firms.
Local average treatment effect (LATE)
The causal relationship identified by an instrumental variable approach relies on the variation caused by the instrument. Since our endogenous variable is binary, while treatment effects are likely to be heterogeneous across firms, our results need to be interpreted in the spirit of the LATE theorem (Imbens and Angrist 1994; Angrist et al. 1996) . The LATE theorem has been used previously in an instrumental variable setting in which the instrument is binary (Lachenmaier and Wößmann 2006) . In our case, the estimate in Eq. (3) relies on the variation in competitiveness caused by material productivity increases that were triggered by the availability of public funds and would not have been implemented without such funds. Thus, essentially, we are evaluating whether those funds have been used successfully. According to Imbens and Angrist (1994) and Angrist et al. (1996) , one additional condition to the ones described in the previous section need to be met to make causal inference in this setting-monotonicity. The direction of the effect of public financial support on the likelihood of changing material productivity should be the same across all firms. This seems reasonable in our case because public funding is only granted to firms if they use the resources to generate an eco-innovation, while it should not prevent firms from increasing their material productivity.
Results
We start by presenting the first-stage model (Eq. 4). Table 3 indicates that firms motivating their eco-innovation by the availability of public funding have a 26% higher chance to improve their material productivity compared to firms motivating their eco-innovation differently or not eco-innovating at all.
The instruments are valid and strong as documented by the coefficient's significance, a Kleibergen-Paap Wald F statistics well above 10, and the rejection of under identification (Angrist and Pischke 2009). High F statistics are often found in large samples (e.g., Khandker et al. 2014 ).
OLS results
First, we estimate Eq. (3) using simple OLS. Table 4 shows that the impact of material productivity improvements on changes in competitiveness is positive and highly significant. The magnitude of the effect is modest, however. Having increased material productivity, a firm's market share-which is our measure for competitiveness-will increase by 3%, on average.
2SLS results
The results obtained when using 2SLS are different. We find that average-scale material productivity improvements cause microeconomic competitiveness to increase by around 12%. These results are highly significant, and the magnitude is more than four times larger compared to OLS. This illustrates that endogeneity biases the OLS estimate downwards, implying that firms that face the highest pressure on their market shares are most likely to increase their material productivity. Hence, the dominant source of endogeneity appears to arise in the omitted variable bias from a market's dynamism and innovativeness, as typically spurred by competition, which put market shares under constant pressure but also correlate with (eco-)innovations. The low R 2 in both estimations does not undermine the validity of the estimates, especially as the regressors' variability is very limited due to their binary nature (e.g., Dell et al. 2012 ). These results are in line with evidence brought forward in the literature in terms of finding a positive relationship between material productivity and competitiveness (Fh-ISI et al. 2005; Bleischwitz et al. 2009b; Schmidt and Schneider 2010; Ecorys 2011; Schröter et al. 2011; Bassi et al. 2012; AMEC and Bio IS 2013) . However, this analysis considers the dynamic effects between firms, sectors, and countries as well as addresses the endogeneity of material productivity improvements.
Sector and country heterogeneity
Given the granular structure of the survey data, this subsection allows investigating whether there is any sector or country heterogeneity. To this end, sector and country specific effects are explicitly estimated by restricting the sample to the relevant dimensions. The results are shown in Tables 5 and 6. 
Sector heterogeneity
There is considerable heterogeneity across sectors. The manufacturing sector, and in particular the manufacturing of wood, paper, paper products and printing as well as of basic metals, fabricated metal products, shows positive and significant effects of material productivity increases on market share growth. Furthermore, water supply, sewerage, waste management as well as wholesale and retail trade, and repair of motor vehicles indicate significant effects. These results suggest that the benefits from material productivity improvements are limited to certain material-intensive sectors, while the remaining sectors are not significantly affected; some even showing a negative (yet insignificant) sign. However, also financial and insurance activities increase their competitiveness, which could be due to increased material productivity in their IT systems (e.g., using Cloud services instead of large in-house servers). While the instrumentation remains robust for most sectors, the relatively low level of the Kleinbergen-Paap rk LM statistics could also explain the results for the financial and insurance sector.
Country heterogeneity
There is also considerable heterogeneity across countries. Firms in Estonia, Italy, Portugal, and Romania seem to be able to increase their competitiveness as a result of material productivity increases, while the other countries do not significantly improve or reduce their competitiveness. A more detailed analysis on the factors underlying these results goes beyond the scope of this paper, but any future analysis could investigate whether there are decreasing marginal benefits from material productivity increases. Overall, the analysis on sector and country heterogeneity indicates that the positive effect of material productivity increases on competitiveness is associated with certain material-intensive sectors and countries. This suggests that not all sectors and countries are likely to benefit from incentivising firms to realise eco-innovations that lead to a material productivity increase-a crucial policy insight. 
Robustness tests
Throughout all robustness checks, our instrumentation strategy remains robust. The country specific effects are jointly significant and thus included in all estimations. The same holds true for the sector specific effects. We excluded individual countries and sectors to identify specific subsample that may drive results, but those results are not substantially different to the ones in Table 4 . Furthermore, we changed the assumptions on our standard errors to homoscedastic, clustered over countries, sectors, and both. Our estimations are robust to all such changes. Table 7 gradually introduces further control variables that the literature identifies as being determinants of competitiveness. In terms of the underlying structural model of Eq. (2), controls comprise both additional time trends and level variables. The table shows that the 'raw effect' is robust against introducing further control variables.
Column 1 shows the baseline model for reference. Column 2 investigates whether the level of employment affects the competitive stance (Hall 1987; Yasuda 2005) . Adhering to first differences, we introduce the change in employment. There is a large and positive effect of increasing the size of the firm and competitiveness.
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Column 3 controls for all other innovations affecting productivity and competitiveness, i.e., product, process, organisational, or marketing, to isolate the effect of changes in material productivity on competitiveness. This is likely to control for another important source of potential endogeneity. Material productivity may grow along with-or as a by-product of-improvements in labour or capital productivity resulting from those innovations. By controlling for those effects, we isolate the impact material productivity increases have on market share growth.
More specifically, different innovation types either change (1) the current product line-up; (2) the level of process structures and efficiency; (3) management structures and efficiency; or (4) marketing capacities, which altogether shape a firm's contemporary level of competitiveness. In turn, an innovation is defined in the CIS as the market introduction of a new or significantly improvement in one of the four innovation categories. Since this entails some form of change occurring, these variables can be included in our main model (Eq. 3). Product, process, and organisational innovations are positively but insignificantly associated with competitiveness.
Column 4 additionally controls for differential time trends concerning the regional scope of a firm's sales. This entails the notion that firms supplying foreign markets are more competitive compared to those supplying local markets (Baldwin and Robert-Nicoud 2008) . The survey asks in which market the firm generated most turnovers, local/regional (39.6% of the sample firms), national (45.6% of the sample firms), Europe (12.2% of the sample firms), or the rest of the world (2.7% of the sample firms). However, estimates are inconclusive in our case. Table 8 displays further robustness checks by restricting the sample of firms considered. First, we restrict our sample to SMEs, thus reducing our sample by 11%. According to the definition of the EU, firms are considered to fall into this category if they have below 250 employees and an annual turnover of below or equal to EUR 50 million (EC 2015c). In addition, we restrict our sample to the so-called nonfinancial business economy, defined as the NACE sectors B-J and L-N (EC 2013). Finally, we only consider manufacturing firms (NACE code C). Across all subsamples, the effect remains positive and significant. Finally, we implement a placebo strategy to test the instrument's strength as proposed by Bound et al. (1995) . Specifically, we generate 500 binomial random variables with a success probability equal to the mean of our binary instrument. This creates independent vectors that by construction exhibit the same statistical properties as our instrument. As we repeat the 2SLS procedure with every generated instrument, we would expect the precision of placebo results to be lower compared to those estimations presented previously. Otherwise, suspicion of finite sample bias would undermine confidence in our results.
As expected, the placebo results' standard errors lay far apart from those presented in Table 4 . Table 9 presents the distribution of the placebo standard errors. Evidently, the precision our previous estimates (0.0267) exceeds even the most precise placebo results by an order of magnitude. This suggests that our instrument passes the non-robustness test proposed by Bound et al. (1995) .
The effect of material productivity improvements on environmental performance
Given that eco-innovations, including those leading to material productivity improvements, are thought to address both economic and environmental concerns (Machiba 2010; Kemp et al. 2013) , we complement our main analysis by estimating the relationship between material productivity improvements and the CO 2 footprint of firms. The CIS 2006-2008 includes binary information on whether or not firms have reduced their CO 2 footprint. Hence, a positive relationship would indicate that improving material productivity reduces the CO 2 footprint. Since changes in material productivity can be interpreted as an input-output relationship and the carbon footprint as a result of this relationship, it is reasonable to assume that material productivity is exogenous in our model and timeframe. We thus estimate the following model: where CFP t,i is the CO 2 footprint, MP i is material productivity, product i , process i , organisational i and marketing i are dummies to account for innovation types, t,i denotes a vector of control variables ( Δsize , turnover growth , environmental programme (binary) and export activity as measured by national , europe , RoW ), s are sector specific effects, c represents country specific effects, and t,i is the error term. We interact material productivity increases with all types of innovations to better isolate the 'pure effect' of material productivity improvements on the CO 2 footprint on firms, disentangling the effects of the different types of innovations (i.e., non-material productivity innovations) on the CO 2 footprint. The model is estimated applying a probit approach. The results of the probit estimations can be found in Table 14 in "Appendix". Table 10 shows the marginal effect at the mean and the average marginal effect of material productivity improvements on reductions in the CO 2 footprint, using the results from Column 4 in Table 14 in "Appendix", i.e., including all control variables. The probability of reducing the CO 2 footprint for the average firm increases by around 31% as a result of an increase in material productivity compared to not increasing material productivity. Similarly, the average effect of enhancing material productivity on the probability across all firms of reducing the CO 2 footprint amounts to 29%. Both are highly significant and relevant effects. We thus provide evidence that material productivity improvements lead to a reduction of the CO 2 footprint of firms.
Discussion
Our results provide evidence for a positive and causal impact of material productivity improvements on microeconomic competitiveness, limited to some material-intensive sectors and certain European countries. By considering over 52,000 firms across 23 sectors and 12 EU countries, we take dynamic effects and heterogeneity across firms, sectors, and countries into account. Furthermore, this is to our knowledge the first study that investigates this effect based on such wide-ranging data. Previous studies have failed to address the problem of endogeneity, which we show to be a relevant problem. Furthermore, we provide evidence that increases in material productivity also improve the firm's environmental performance. We thus conclude that increasing material productivity can reconcile competitiveness and climate change mitigation objectives for certain firms, sectors, and countries. Nevertheless, our analysis faces some limitations. By reviewing the literature, we grouped potential links between material productivity and competitiveness into channels. Given the limited information available in the CIS 2006-2008, we were unable to identify which of such channels drives our results. In addition, our endogenous variable is binary, i.e., we cannot provide any information on the magnitude and underlying factors (types of innovations and materials) of the observed material productivity improvements that cause firm's increases in competitiveness. Both limitations are due to the way that the CIS survey has been constructed. Given the very limited data sources academics and policymakers can rely on for investigating the effects of changes in material productivity, the CIS 2006-2008 is arguably the most comprehensive data set available. However, any future study would greatly benefit if the CIS would (1) consistently survey firms in all EU countries and sectors about their material productivity improvements in every wave; (2) collect information in the form of continuous and material as well as innovation specific variables; and (3) introduce questions that can be used as instruments (e.g., any natural experiment type of information).
Our results contain one crucial policy insight-enable eco-innovations that result in material productivity improvements through public financial support, especially in certain material-intensive sectors and countries. As we show that eco-innovations triggered by public financial support leading to improvements in material productivity increase the competitive stance of firms as well as reduce their CO 2 footprint across firms, sectors, and countries within the EU, the EU and its member states are encouraged to support the development and diffusion of such eco-innovations. This can be achieved by providing sufficient finance to firms through, for instance, targeted investment programmes and reducing investment barriers (Jordan et al. 2014; Flachenecker and Rentschler 2015; Shahbazi et al. 2015; Ghisetti et al. 2016 ). Mainstreaming such efforts across current investment programmes, in particular, the European Fund for Strategic Investments (EC 2014c) and the Circular Economy Package (EC 2015a), would be consistent with our findings. Furthermore, the benefits of policy-guided change have been discussed in depth in the literature (Porter 1990) . Hence, enabling eco-innovations does not only trigger direct benefits, but is also likely to result in co-benefits, such as reducing potential rebound effects (Font Vivanco et al. 2016) , creating new business models (Machiba 2010) , and enabling systematic change towards more sustainable economies (Bleischwitz et al. 2009a; Kemp et al. 2013) , among others.
Deadweight effects are an important concern for public measures that try to incentivise innovations through financial support. To approximate this risk, we estimated the sample proportions of so-called always-takers, compliers, and nevertakers, following standard practices used in the LATE literature (Angrist and Pischke 2009) . Compliers are firms that innovate because of the availability of public support. Never-takers will not innovate regardless of the availability of public funds. Always-takers are firms that receive public financial support but would have realised an eco-innovation anyway, thus generating deadweight effects. In our sample, 15% of firms are always-takers, pointing at a considerable but limited risk of deadweight effects. This provides evidence that the principle of additionality in public funding needs to be respected to keep such adverse effects to a minimum.
Conclusions
The aim of our paper is to investigate the claim that material productivity improvements positively affect microeconomic competitiveness. This assertion is broad forward by scholars and policymakers, in particular in the European Union (EU), but the underlying evidence base is restricted to individual firms, sectors, or countries, and the empirical investigations do not adequately address the endogeneity of changes in material productivity. After reviewing the literature on the channels linking material productivity and competitiveness on the firm level, we address both gaps by analysing data from the Community Innovation Survey 2006-2008 comprising over 52,000 firms across 23 sectors and 12 EU member states.
Using a two-stage least square instrumental variable approach, we provide evidence for a positive and causal impact of material productivity improvements on microeconomic competitiveness. We use the availability of public financial support to instrument changes in material productivity. Interpreting our results in the spirit of the local average treatment effect theorem, our findings provide evidence for those firms that received public financial support and had an eco-innovation. This effect is heterogeneous across sectors and countries, suggesting that certain material-intensive sectors and countries benefit from material productivity increases, while others show no significantly positive or negative effects. We further show that material productivity improvements also reduce the carbon dioxide (CO 2 ) footprint of firms. Thus, we show that certain firms, sectors, and countries can improve their competitiveness and decrease their CO 2 footprint simultaneously-economic and environmental objectives can be consolidated.
Since material productivity improvements in our sample depend on realising an eco-innovation through public financial support, our results call on policymakers in the EU to focus their efforts on enabling eco-innovation through providing sufficient and adequate finance as well as reducing investment barriers for firms. Future research on the issue would need to benefit from more precise information on the magnitudes of material productivity improvements that are required to achieve both economic and environmental objectives as well as a deeper understanding of those firms, sectors, regions, and countries that are likely to 'win' and 'lose' from material productivity improvements. This would be an important step forward in addressing potentially adverse effects of the transition towards more material productive economies. 
